In this paper, a simple and robust model is presented to explain the main reason behind undercutting at convex corners and no-undercutting at concave corners. The etch rate of the tangent plane at convex corner and the role of dangling bond in etching process are utilized to explain the undercutting at convex corner and the no-undercutting at concave corner, respectively. The present model shows that {110} is the tangent plane at convex corner which exhibits higher etch rate than the neighboring {111} plane in all types of anisotropic etchants; consequently the undercutting occurs at convex corners. The absence of dangling bonds at concave corner prevents the undercutting there. Moreover, the same model explains the reason of very less undercutting when the etching is carried out in surfactant-added tetramethylammonium hydroxide (TMAH).
Introduction
The wafer manufacturing industries commonly produce the silicon wafers with three principle orientations namely {111}, {110} and {100}. Out of these three orientations, {100} silicon wafers are most widely employed for the fabrication of microelectromechanical systems (MEMS) and complementary metal oxide semiconductor (CMOS) devices. In the fabrication of MEMS, alkaline solution (e.g. potassium hydroxide (KOH), tetramethylammonium hydroxide (TMAH), etc.) based silicon anisotropic etching is frequently used to make a wide range of microstructures in silicon wafers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this etching method, as shown in Figure 1 , undercutting occurs at mask patterns containing the extruded (or convex) corners [11] . The shape of the corner obtained after undercutting is determined using a polar diagram of lateral underetch rates as illustrated in Figure 1 [12] . The corner undercutting also takes place on {110} silicon wafers [13] [14] [15] . On one hand, undercutting is advantageously used for the releasing of microstructures (e.g. cantilever beam), but on the other hand, it is undesirable for the realization of mesa structures, bent V-grooves, proof mass for accelerometer, etc. In the TMAH-based anisotropic etchants, undercutting reduces dramatically when a very small amount (e.g. 0.1% by volume) of surfactant (e.g. Triton-X-100, polyethylene glycol (PEG), NC-200, etc.) is added in the etchant [16] [17] [18] [19] [20] [21] [22] [23] . In order to explain the mechanism behind the corner undercutting, several models have been proposed [12, [24] [25] [26] [27] . They explain that the appearance of high index planes during etching is the main cause of the undercutting. However, these models do not explain very clearly why the undercutting starts at convex corner and why not at concave corners.
In this paper, a simple and robust model is proposed to explain the phenomenon of severe undercutting at the convex corner as well as no-undercutting at the concave corner in wet anisotropic etchants. Moreover, the same model presents why the undercutting is reduced in surfactant added TMAH solution. Figure 2 shows the schematic view of different planes in a unit cell and the shape of mesa structure fabricated on Si{100} wafer surface. The concave and convex corners in a microstructure are illustrated in Figure 3 . The {111} planes are the most stable (i.e. lowest etch rate) planes in wet anisotropic etchants. However the convex corners (i.e. the intersection of the two {111} planes) is still vulnerable to etching and this vulnerability is the reason for extensive undercutting. Now the question is, why the intersecting {111} planes at the convex corner are vulnerable? The proposed undercut model answers it on the basis of the fact that the tangent plane on the intersecting {111} planes (i.e. the convex corner) is {110} as shown in the Figure 2 and this plane exhibits high etch rate in pure KOH and TMAH solutions [7, 10, 11] . Since the convex corner lies on the {110} plane, the etch rate of the corner is much higher than the corresponding {111} planes forming the corner and therefore the phenomenon of undercutting is observed at the convex corners. It is to be noted here that the concept of dangling bond is not enough to explain the variation in etching as both the convex corner and the {111} plane contain the atoms with only one dangling bond as can be observed in Figure 1 Schematic and SEM pictures of square shaped mask pattern etched in anisotropic etchant on {100} Si wafer. Undercutting shape is analyzed using theorientation-dependent lateral underetchrates that are commonly determined by wagon-wheel method [12] . One more interesting question which arises here is that why there is no undercutting observed at the concave corner, even though these corners are also formed by the intersection of two {111} planes. If we closely observe the concave and convex corners (Figure 3) , we can easily notice the difference in the bond structure at the intersecting edge. The silicon atoms belonging to a convex edge consist of dangling bonds (Figure 3(d) ), while the atoms belonging to the concave corner (Figure 3(c) ) do not contain any dangling bond (i.e. all the bonds are engaged). The reason behind this is that the crystallographic structure of silicon arranges the atoms at the two types of corners (i.e. convex and concave) in such a way that the convex edged silicon atoms have one dangling bond, while the concave cornered silicon atoms have all their bonds engaged and thus there is no dangling bond. The absence of the dangling bond at the concave corner restricts undercutting, however the etching occurs parallel to the {111} planes. This is a very simple way of explaining why a convex corner is more vulnerable to undercutting whereas there is no-undercutting at the concave corner. Now the last concern is, why does the undercutting at convex corner decrease dramatically in surfactant-added TMAH [16] [17] [18] [19] [20] [21] [22] [23] . The summary of the etching characteristics of the pure and very small amount of surfactant (0.1% by volume) added TMAH solution is presented in Figure 4 . The etch rate of {100}Si is almost the same in pure and surfactant-added TMAH (Figure 4(a) , while the etch rate of {110} silicon is decreased to a considerably low level when a very small amount of surfactant is added into the etchant (Figure 4(b) ). As can be seen in Figures 4(c)-4(e) , the phenomenon of undercutting is reduced significantly when etching is carried out in Triton-X-100 (i.e. surfactant) added TMAH.
Findings
The surfactant molecules form an adsorbed monolayer film on the surface with the hydrophobic part of the molecules (or head) in contact with the hydrophobic surface while the hydrophilic part of the molecules (or tail) remains in contact with water [22, 28] . Hence the surfactant molecules adsorb more densely on more hydrophobic surface. The relative hydrophobicity of the silicon surface can be estimated by the density of Hterminations. The Si{110} is more hydrophobic (lower H-density) than Si{110}, resulting in the formation of a more densely packed surfactant layer [22] . Several studies have been performed to confirm the orientation dependent adsorption of surfactant molecules [18, 19, 22] . They explain that the maximum adsorption is for {111} surface followed by {110} and {100} surfaces. It can be observed from Figure 4 (a) that the etch rate of {100} is almost unaffected when the surfactant is incorporated in the etchant. It means that the layer of surfactant molecules on {100} surface is not able to protect the surface from the etchant and thus etch rate is almost unaffected. In the case of Si{110} (Figure 4(b) ), significant reduction in the etch rate indicates that the adsorbed layer of surfactant molecules partially protects the surface from the direct attack of reactants during etching.
In order to emphasize the effect of undercutting on the resultant shape of the fabricated structure, the SEM pictures of alphabets "IITH", which comprise concave and convex corners, etched in pure and surfactantadded TMAH are shown in Figure 4 (e)(i) and 4(e)(ii), respectively. The letters micromachined in pure TMAH have lost their shapes, while they retain their shapes when etching is performed in surfactant added TMAH. This kind of etching behavior can be easily understood through the proposed undercutting model as it is based on the presence of {110} tangent plane at the convex corner i.e. the silicon atoms of convex corner belong to {110} plane. As shown in Figure 5 , the surfactant molecules form a dense layer on the convex corner. This dense layer inhibits the etchant to react chemically with the silicon atoms at the corner that results in dramatic reduction in the undercutting. It means that when the surfactant molecules adsorb very densely, the surface area available for the etchant to react reduces significantly and thus undercutting rate is remarkably suppressed. On the other hand, the {100} plane is not able to attract the surfactant molecules more compactly owing to its less hydrophobicity and thus the etchant can easily react chemically with the silicon atoms and leads to almost the same etch rate as shown in Figure 4(a) .
Conclusions
A simple model is proposed to explain the etching characteristics of convex and concave corners on Si{110} surface in wet anisotropic etchants. The proposed model explains the basic reasons behind the corner undercutting in a very simple and robust way. Moreover, it explains the dramatic reduction in the undercutting in surfactant-added TMAH solution. In the case of the surfactant-added TMAH, crystallographic orientation dependent adsorption of the surfactant molecules (owing to varying hydrophobicity of the crystallographic planes) Figure 5 Schematic representation of surfactant adsorption on silicon atoms of convex corners, which belong to {110} planes, in surfactant-added TMAH solution during etching process. The dense layer of surfactant molecules protect the convex corners from etchant that result in the reduction of undercutting.
is employed to describe the significant reduction in the undercutting at convex corners. In order to explain the reason of no-undercutting at concave corners, the role of dangling bonds in etching mechanism is exploited. The undercutting at convex corners is explained using the etch rate behavior of tangent plane appearing at this type of corners.
